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CatalysisThe temperature dependence of kinetic isotope effects (KIEs) have been used to infer the vibrational
coupling of the protein and or substrate to the reaction coordinate, particularly in enzyme-catalyzed
hydrogen transfer reactions. We ﬁnd that a new model for the temperature dependence of
experimentally determined observed rate constants (macromolecular rate theory, MMRT) is able
to accurately predict the occurrence of vibrational coupling, even where the temperature
dependence of the KIE fails. This model, that incorporates the change in heat capacity for enzyme
catalysis, demonstrates remarkable consistency with both experiment and theory and in many
respects is more robust than models used at present.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The contribution of protein dynamics has emerged as one of the
key theoretical notions required to understand the activity of
enzymes. Much of the research in this area has centred on how
the molecular vibration of the enzyme and/or substrate inﬂuences
catalytic activity [1,2]. Enzyme catalyzed quantum mechanical
tunneling (QMT) reactions involving the transfer of hydrogen
(H, H, H+) represent some of the best characterized systems
attempting to relate the importance of enzyme dynamics to
enzyme turnover and have been extensively studied in the context
of so called ‘vibronic’ models [1,2]. Broadly, these models explicitly
recognize the role of vibrational modes of the enzyme and/or sub-
strate coupled to the reaction coordinate, and in some cases, infer
that these coupled vibrations can promote the rates of enzyme
catalyzed reactions as so called ‘promoting vibrations’. There is
some experimental evidence that such modes can provide a small
rate enhancement to enzyme turnover [3] and computational evi-
dence that altering these modes impacts on the enzyme chemistry
[4]. However, there is also computational evidence that these
modes are not themselves catalytic [5]. These notions are highlycontentious with a broad range of views and little consensus.
Despite major effort, providing experimental evidence for the role
and signiﬁcance of protein dynamics remains a signiﬁcant
challenge. The temperature dependence of the kinetic isotope
effect (KIE), DDH, has been used to infer the importance of protein
dynamics coupled to the reaction coordinate in enzyme catalyzed
H-transfer reactions. That is, a temperature-dependent KIE
[DDH > 5 kJ mol1; larger than the contribution from zero
point energy (ZPE) alone] is considered to reﬂect signiﬁcant
vibrational coupling and a temperature-independent KIE
(DDH = 0 kJ mol1) suggests far less signiﬁcant, or an absence of
vibrational coupling [1].
In recent years there has been a drive to augment analysis of the
temperature dependence of KIEs with alternative models both to
probe the validity of the approach and to offer new insight into
the role (if any) of vibrational coupling. Several researchers have
postulated that elevated values of DDH result from the presence
of multiple reactive states [6–8]. Alternatively, Canepa has
attempted to relate the curvature of Arrhenius plots to the cou-
pling of vibration modes [9]. These studies rely on the simple ﬁt-
ting of multi-parameter models to experimental data and do not
provide comparative analysis with existing evidence and theory.
Here we describe a new model that detects vibrational coupling
of enzyme/substrate dynamics to the reaction coordinate in
enzyme catalyzed reactions, based on fundamental thermody-
namic principles.
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ature dependence of enzyme catalyzed rates that relates the
change in heat capacity, DCzP , to the temperature optima for a range
of enzyme catalyzed reactions [10] (termed macromolecular rate
theory, MMRT [11]). Hobbs et al. found that changes to DCzP are suf-
ﬁcient to alter the enzyme Topt. The fundamental thermodynamic
parameter DCzP , quantiﬁes the temperature-dependence of DH

and DS and hence DG (Ea). The temperature dependence of the
reaction rate is given by:
k ¼ ðkBT=hÞeDGz=RT ð1Þ
lnðkÞ ¼ ln kBT
h
 
 ½DH
z
T0
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where T0 is an arbitrary reference temperature, and DH
z
T0
and DSzT0
are the difference in enthalpy and entropy between the ground
state and the transition state, respectively, at T0. DC
z
P determines
the change in DH and DS with temperature and deﬁnes the
temperature-dependence of the Gibbs free energy between the
ground state and the transition state (DG). If DCzP – 0 the relation-
ship between rate and temperature will show marked curvature in
a plot of ln(k) versus T. Typically the temperature dependence of the
rate is ﬁt to either the Eyring or Arrhenius equation. For the Eyring
equation the data are ﬁt to:
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The greatest contribution to the heat capacity of a folded pro-
tein is the number of populated vibrational and rotational modes
associated with covalent bonds (i.e., protein dynamics). These
modes contribute an estimated 85% of the Cp term with the hydra-
tion term contributing the remaining 15% for globular proteins
[12,13]. For an enzyme catalyzed reaction, a negative DCzP arises
from tight binding of the transition state and a reduction in the
population of conformational states (vibrational modes) at the
transition state compared to the ground state.
Hobbs et al. have suggested that changes in protein dynamics
(vibrational modes of the protein) may be the dominant source
of changes to DCzP for enzyme catalysis with a far smaller contribu-
tion from the hydration term, e.g. desolvation of the active site. To
be clear, the hydration term is the dominant source of changes in
DCzP for protein folding [10]. Hobbs et al. ﬁnd that Eq. (2) can fully
account for Arrhenius plot curvature for a range of enzymes, inde-
pendent of protein denaturation and suggest this provides com-
pelling evidence that differences in protein dynamics may be the
source of a negative DCzP [10].
Based on this model, we hypothesize that Eq. (2) may be a pow-
erful method to identify the coupling of vibrational modes of the
protein and or substrate to the reaction coordinate at the transition
state or tunneling-ready conﬁguration (TRC) in the case of QMT
reactions. Physically we would expect this relationship to arise
since where vibrational coupling is present, it should disappear or
be dramatically reduced at or near the TS (as observed in the case
of HLADH [14]), giving a large difference in Cp between the reactive
state and TS. From Eq. (2), by measuring the temperature depen-
dence of the rate of H-transfer, we therefore hypothesize that cur-
vature (-ve DCzP) in plots of the temperature dependence of the rate
(lnk) will reﬂect the occurrence of signiﬁcant vibrational coupling
of the enzyme–substrate complex to the reaction coordinate.
To test this hypothesis and to explore the use of Eq. (2) as a gen-
eral model for inferring vibrational coupling, we analyze a range ofexamples of enzyme catalyzed H-transfer reactions using Eq. (2).
We have selected paradigmatic systems with a range of reaction
chemistry, cofactor and substrate usage, and size. Namely, pen-
taerythritol tetranitrate reductase (PETNR, NADH/NADPH), mor-
phinone reductase (MR, NADH) soybean lipoxygenase (SLO-1,
linoleic acid), Escherichia coli dihydrofolate reductase (ecDHFR,
NADPH), methylamine dehydrogenase (MADH, methylamine), aro-
matic amine dehydrogenase (AADH, tryptamine [AADHTA]) and
horse liver alcohol dehydrogenase (HLADH, benzyl alcohol).
These systems represent excellent test cases, since the vibrational
coupling in these systems has been intensively studied using a
range of approaches. Crucially each of these model systems (i) have
experimental kinetic data that reﬂect as near as is possible the
H-transfer step given the limitations of experimental tractability,
(ii) have corresponding data for deuterium transfer, (iii) are struc-
turally non-perturbed across the temperature range and (iv) are
well characterized in the context of the role of QMT and vibrational
coupling, with evidence beyond the magnitude of DDH alone.
2. Results and discussion
2.1. Curvature in the temperature-dependence of the rate correlates
with vibrational coupling
Fig. 1 shows the ﬁt of Eqs. (2) and (3) to the experimentally
determined temperature dependence of observed rate constants
for protium transfer for each of the model systems identiﬁed above.
Table 1 compares the extracted value of DCzP with DDH
, grouped
into measurably temperature-(in)dependent values based on the
magnitude of DDH. These combined data are shown in Fig. 2.
The DH and DDH, values extracted from ﬁtting to both Eqs. (2)
and (3) are given in Supporting Information (SI) Table S1. The values
are similar within error except in the case of AADH where ﬁtting to
Eq. (2) gives a very large value of DDH (20.1 ± 7.4 kJ mol1) com-
pared to ﬁtting to Eq. (3) (3 ± 0.2 kJ mol1). We discuss the case
of AADH in more detail below.
Our analysis is based on the curvature observed in plots of the
temperature dependence of enzyme rate constants (lnk). Typically
one ﬁts such data sets to either the Eyring or Arrhenius equations
to extract (at least) the magnitude of DH or the activation energy
Ea, respectively. All of the data we present in Fig. 1 and Table 1 have
been treated in this way previously and therefore by inference are
not considered to show obvious curvature in the temperature
dependence of lnk. Even so, we expect that it may be possible to
extract meaningful data by ﬁtting to Eq. (2) if there is some micro-
scopic curvature that is not readily apparent by visual inspection.
Arrhenius plots are expected to show curvature due to the temper-
ature dependence of the pre-exponential factor and so detecting
curvature is best achieved from Eyring plots (lnk/T versus 1/T)
and ﬁtting to Eq. (3). Fig. 1B and D shows the Eyring plots for the
data examined in this study corresponding to Fig. 1A and C, respec-
tively. The ﬁts to Eq. (3) are shown as a solid ﬁtted line. To explore
if there is some microscopic curvature that Eq. (2) might fruitfully
capture, we have ﬁt the Eyring equation to the high and low tem-
perature half of each data set independently (shown as dash lines).
A truly linear data set will therefore display no difference between
the ﬁtted lines. We ﬁnd that in many cases the ﬁtted lines do not
overlay well, with a smaller magnitude of DH and a larger magni-
tude of DH by ﬁtting to the higher and lower temperature half of
the data sets, respectively (Table S1). That is, these data suggest the
lnk data deviate from linearity outside of error and give rise to
some weak curvature for a number of the systems studied. From
Table S1, the only data sets that give the same DH values within
error are MADH and HLADH. As such we would expect that ﬁtting
Fig. 1. The temperature dependence of rate constants reﬂecting H transfer for a range of model systems. Panel A shows those examples which display a signiﬁcant DDH and
panel C shows those examples with a DDH  0. Solid lines are ﬁts to Eq. (2). The extracted data are shown in Table 1 and Supporting Information Table S1. T0 is deﬁned as
298 K in all ﬁts. Panels B and panel D show the corresponding whole data sets ﬁt to Eq. (3) (solid lines) and the dashed lines show the same ﬁts but to the ﬁrst or last half of
each data set.
Table 1
Correlation between the magnitude of DDH, DCzP , DDC
z
P and the evidence for vibrational coupling.
DDH (kJ mol1)a DCzP (kJ mol
1 K1)c,d DDCzP (kJ mol
1 K1)e Evidence for vibrational coupling
Temperature-dependent KIE
PETNRNADPH 6.5 ± 2.7 [25] 0.53 ± 0.03 0.36 ± 0.08 U[3,25]
MR 7.4 ± 1.5 [26] 0.22 ± 0.10 0.25 ± 0.13 U[19,26,27]
SLO-1 4.2 ± NGb [28] 0.42 ± 0.15 0.63 ± 0.53 U[20–22]
[Fe(CN)6]3f 6.1 ± 0.9 [24] 0.11 ± 0.06 0.06 ± 0.1 U[24]
ecDHFR g 7.9 ± 0.9b [29] 1.11 ± 0.23 0.22 ± 0.46 U[15,30][31]
Temperature-independent KIE
MADHh 0.4 ± 0.01 [23] 0.03 ± 0.14 0.04 ± 0.27 [23]
PETNRNADH 0.8 ± 1.3 [25] 0.23 ± 0.1 0.07 ± 0.26 [3,25]
ecDHFRh 1.11 ± 0.79b [32] 1.40 ± 0.62j 0.53 ± 0.49j U[15]
AADHTA 3.0 ± 0.2 [16] 1.71 ± 0.89 1.89 ± 2.74 U[16,17]
HLADHf,i 3.34 ± 4.2 [33] 0.12 ± 0.41 0.26 ± 0.86 U[14]
NG, value not given.
a Reported values. Data reported as DEa.
b Data reported as DEa.
c Data ﬁt to Eq. (2).
d Data for protiated substrate.
e Fits to Eq. (2), DCzP deuterium minus DC
z
P protium.
f Data extracted from published ﬁgures.
g Pre-steady state observed rates measured at pH 7.
h Steady state observed rates measured at pH 9.5.
i V292S variant used to expose the H-transfer step.
j Data ﬁt between 15 and 35 C as in Ref. [32].
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error, reﬂecting ‘linear’ temperature dependencies and as we dis-
cuss below this is the case. We stress that the other data sets can
still be adequately ﬁtted using a linear equation and in no way
do we suggest that these data should not be treated by ﬁtting to
the Eyring or Arrhenius equations. Indeed, for these systems the
temperature dependence of the KIE is the key parameter.
However, given that a number of the experimental systems we
explore apparently display a degree of curvature it is appropriate
to apply Eq. (2) to test our hypothesis.Based on our hypothesis, where signiﬁcant vibrational coupling
is present we expect a negative value of DCzP and potentially this
should correlate with elevated DDH values above what is
expected based on ZPE considerations alone (5 kJ mol1). This
trend is not apparent from Table 1 or Fig. 2A, breaking down with
HLADH, AADH, ecDHFR and SLO-1. However, DDH for HLADH,
AADH and ecDHFR have been shown to inaccurately reﬂect the role
of vibrational coupling [14–17]. Instead, for each of the cases stud-
ied, we ﬁnd that Eq. (2) shows remarkable consistency with the
prevailing evidence for the presence or absence of vibrational
Fig. 2. (A) Correlation betweenDDH, DCzP , DDC
z
P and the available evidence for vibrational coupling. The data points correspond to the values given in Table 1. (A) The dashed
lines show the numerical ‘cut-offs’ for the inference of vibrational coupling, below the horizontal line for DCzP and to the right of the vertical line forDDH
 and (B) below left of
the vertical line for DCzP . Data points shown in red are those data where there is evidence, beyond the magnitude of DDH
, that signiﬁcant vibrational coupling is present as
shown in Table 1.
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check mark or cross and in Fig. 2A as red data points). That is,
PETNR (with NADPH) [3], MR [18,19], SLO-1 [20–22], ecDHFR
[15], AADH [16,17] and HLADH [14] all have detailed experimental
(beyond DDH measurements alone) and/or computational
evidence for vibrational coupling of the protein or substrate to
the reaction coordinate. Conversely, the available experimental
and computational evidence suggest that vibrational coupling is
a far less signiﬁcant feature of the reaction coordinate for MADH
[23] and PETNR (with NADH) [3]. Each of these examples gives
zero or positive values of DCzP . This trend is readily apparent from
Fig. 2A. In only one case (HLADH) is the error on DCzP large enough
to make a negative DCzP value positive within error bounds. As we
note above, ﬁtting of the AADH data to Eq. (2), yields a strongly
temperature dependent KIE (DDH = 20.1 ± 7.4 kJ mol1 as given
in Table S1), which is consistent with the inference of vibrational
coupling from simulation. PETNRNADH gives a positive DC
z
P value
within error. Within our model we interpret positive DCzP values
as reﬂecting a greater population of vibrational modes at the tran-
sition state compared to the reactive complex and we discuss the
case of PETNRNADH further below.
We further explore the validity of Eq. (2) to detect vibrational
coupling by examining a non-enzymatic reaction that shows an
elevated DDH (Table 1); the reduction of ferricyanide,
[Fe(CN)6]3, with ascorbate (HAsc) and tetraethylammonium
chloride (TEA). Based on a combined temperature/pressure depen-
dence study the authors concluded that this reaction may incorpo-
rate vibrational coupling to the reaction coordinate [24]. Fitting
these data to Eq. (2) gives a negative DCzP (Table 1 and Fig. 2A), con-
sistent with the ﬁndings from the enzyme catalyzed reactions.
For ecDHFR, the body of available data relating vibrationally
coupled motion is complex. At pH 9.5 hydride transfer to the
mostly unprotonated dihydrofolate is rate limiting, but at pH 7
where dihydrofolate is mostly protonated, product release
becomes rate limiting. We note that recent evidence suggests that
protonation of dihydrofolate precedes hydride transfer at both
high and low pH [34]. However, pre-steady state kinetics can
access the H-transfer step at pH 7. Luk et al. have identiﬁed that
there is global vibrational coupling of the protein to the reaction
coordinate (essentially for the reaction at pH 7) and this is concep-
tually consistent with the earlier ﬁndings of Watney et al. who ﬁnd
evidence for a network of coupled vibrational modes in ecDHFR
from molecular dynamics simulations [30]. However, Dametto
et al. [31] ﬁnd that fast, localized dynamics indicative of promoting
vibrations are not present. It is important to note that the pH at
which the kinetics are monitored strongly inﬂuences the extractedkinetics and DDH values (Table 1). From Table 1, there is a signif-
icantly negative value of DCzP at either pH, with DC
z
P = 1.11 ± 0.23
and 1.40 ± 0.62 kJ mol1 at pH 7 and pH 9.5 respectively.
However using an alternative data set [15] we obtain a similarly
negative DCzP at pH 9.5 within error (0.58 ± 0.24) but a positive
DCzP at pH 7 (0.48 ± 0.32). We consider this data set in more detail
below.
The correlation between the available evidence for vibrational
coupling and the sign of DCzP given in Table 1 and shown in
Fig. 2A is inferred using the protiated (H) substrate data alone.
The magnitude of DCzP for deuterium (D) transfer is powerful as it
allows a deeper interrogation of the utility of Eq. (2). There is a
smaller frequency (smaller ZPE) associated with the X–D bond
compared to the X–H bond. If vibrational coupling signiﬁcantly
or dominantly involves the vibrations of the X–H bond we would
expect a greater difference in vibrational energy between the
enzyme-substrate and enzyme-transition state/TRC complex.
Therefore, we expect that the isotopologue should manifest more
signiﬁcant curvature (a more negative value of DCzP). These values
are given in Table 1 and shown in Fig. 2B as the difference in DCzP
between H and D transfer, DDCzP .
From Table 1 and Fig. 2B, DCzP is more negative (greater curva-
ture) for deuterium transfer compared to protium transfer in all
cases except AADH. Fig. 2B shows the correlation between the
magnitudes of DCzP and DDC
z
P . The AADH data (given in Table 1)
are not shown for clarity of the other data. The magnitude of the
error for DDCzP is large in some cases, but in the cases of
PETNRNADPH, MR, SLO-1 and ecDHFR (pH 9.5) the DC
z
P values are
more negative for D transfer compared to H transfer outside of
error. These data argue that, at least for these systems, vibrational
coupling involves a signiﬁcant contribution from vibrational
modes associated with the transferred group and therefore poten-
tially reﬂect the dominance of vibrational modes that are highly
localized to the active site geometry. DDCzP is very small for
MADH and PETNRNADH. For MADH and PETNRNADH these data
correlate with the notional absence of vibrational coupling. For
ecDHFR (pH 7), ferricyanide and HLADH the value of DDCzP is neg-
ative but not outside of error and so we do not feel conﬁdent to dis-
cuss the meaning of the relative magnitude of DDCzP in these cases.
An alternative interpretation of the DDCzP values is that the more
negative DCzP for D versus H-transfer arises from differences in the
QMT contribution for the isotopologue [35,36]. Potentially there is
a reduced tunneling contribution with D-transfer, though the con-
tribution to plot curvature will be highly system speciﬁc. However,
Fig. 3. Plot curvature upon changes in the frequency of vibrational coupling. (A) The
temperature dependence of rate constants reﬂecting H transfer for MR (black) and
AADHPEA (red) at 1 (closed circles) and 2000 (open circles) bar. (B) The temperature
dependence of rate constants reﬂecting H transfer for ‘light’ (l; ﬁlled symbols, solid
lines) and ‘heavy’ (h; open symbols, dashed lines) enzyme variants (PETNRNADPH:
black, PETNRNADH: blue, ecDHFR pH 7: green and ecDHFR pH 9.5: red). ecDHFR data
correspond to the right-hand axis. Curves are ﬁts to Eq. (2).
Table 2
Comparison of extracted values of DCzP for ‘light’ and ‘heavy’ enzyme data.
Light-DCzP (kJ mol
1K1) Heavy-DCzP(kJ mol
1K1)
PETNRNADPH 0.53 ± 0.03 0.1 ± 0.22
PETNRNADH 0.23 ± 0.1 0.75 ± 0.32
ecDHFR pH 9.5a 0.58 ± 0.24 0.84 ± 0.14
ecDHFR pH 7a 0.48 ± 0.32 0.4 ± 0.13
a Data from Ref. [15].
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signiﬁcantly negative DDCzP argues that whilst the magnitude and
sign of DDCzP may be convolved of differences in QMT contribution,
it is the presence/absence of vibrational coupling that dominates
the plot curvature in the examples studied. This is therefore pow-
erful evidence for our hypothesis that in the absence of other fac-
tors, the degree of plot curvature is reﬂective of the vibrational
modes coupled to the reaction coordinate.
2.2. DCzP is sensitive to the frequency of vibrational coupling
The data given in Table 1 and Table S1 suggest that temperature
dependence curvature can be used to detect vibrational coupling
and, from the deuterium transfer data, potentially varies with the
frequency (energy) of vibrational coupling, m. Intuitively, we also
expect this to be the case since we expect a negative DCzP to arise
from a signiﬁcant degree of vibrational coupling to the reactive
complex that is lost upon progress to the transition state. If this
is the case then we should observe DCzP having a sensitivity to
the frequency of the vibrationally coupled modes. To explore this
possibility, we turn to a range of recent studies that have system-
atically varied the magnitude of m and also monitored the temper-
ature dependence of the observed rate.
Hay et al. have studied the reductive-half-reaction of MR with
NADH [19] and AADH with phenylethylamine (PEA) [37] as a func-
tion of temperature and hydrostatic pressure. Based on molecular
dynamics and spectral density calculations, in MR increasing pres-
sure increases the apparent frequency (decreases the amplitude) of
vibrational coupling [18] and in AADHPEA increasing pressure
decreases the apparent frequency of vibrational coupling [37].
Despite the change in frequency, no signiﬁcant change in the mag-
nitude of DDH was observed in either system. We have ﬁtted Eq.
(2) to the available temperature/pressure-dependence data for
both MR and AADHPEA, shown in Fig. 3A. We ﬁnd that in both
systems the curvature becomes more positive with increasing
pressure from 1 to 2000 bar giving, DCzP = 0.29 ± 0.28 and
0.01 ± 0.5 kJ mol1 K1 for MR and DCzP = 0.07 ± 0.62 and
0.89 ± 0.51 kJ mol1 K1, for AADHPEA, respectively. That is, we ﬁnd
that varying m is correlated with a change in DCzP and this is not
captured by the DDH data alone. The authors of the AADH study
suggest multiple reactive states might be present with PEA and
as such we treat this data with caution. Despite this caveat, we
include these data for completeness, given the unique nature of
the data-set, and reiterate that there is no evidence for multiple
reactive states for the examples given in Table 1.
Recent studies from ‘heavy’ enzyme variants, isotopically
labeled with 13C, 15N and 2H giving a mass increase of 10%
[15,25,38,39], represents an alternative approach to perturbing
the frequency of vibrational coupling. The Born–Oppenheimer
approximation implies that the ‘heavy’ enzyme will be structurally
identical to the ‘light’ enzyme but the frequency of all the protein
vibrational modes will be decreased. Kinetic studies can then
notionally infer the role of vibrational coupling, without contribu-
tions from variation in reaction geometry or other structural per-
turbations. To date, the temperature dependence of the observed
rate of three enzyme catalyzed H-transfer reactions has been stud-
ied using the heavy enzyme approach namely, PETNR with NADH
and NADPH [25] and ecDHFR [15]. The results of ﬁtting the ‘light’
and ‘heavy’ enzyme data to Eq. (2) are shown in Fig. 3B and given
in Table 2. In each case, the degree of curvature varies between the
heavy and light enzyme. Table 2 shows that the general trend
observed in Table 1 is preserved with the heavy enzyme variants;
a negative DCzP with PETNRNADPH and ecDHFR pH 9.5 and positive
DCzP with PETNRNADH and ecDHFR pH 7. The data show an increasein DCzP for both substrates with heavy PETNR [DDC
z
P (heavy minus
light) = 0.43 ± 0.25 [NADPH] and 0.52 ± 0.42 [NADH] kJ mol1K1]
and a decrease with ecDHFR at both pH 9.5 [DDCzP (heavy minus
light) = 0.26 ± 0.38 kJ mol1K1] and pH 7 [DDCzP (heavy minus
light) = 0.08 ± 0.45 kJ mol1K1], though we note both of these
ecDHFR values are the same within error.
Based on ﬁtting data from two separate experimental
approaches that vary v, we ﬁnd that Eq. (2) is sensitive to the fre-
quency of vibrational coupling (within the same experimental
system), manifest as a change in the curvature of the temperature
dependence of the rate. However, there is not an immediately
obvious relationship between the magnitude of DCzP and m. That is,
an increase in m gives a decrease in DCzP for both MR and ecDHFR
but an increase in DCzP for PETNR and AADH. We suggest these
observations may reﬂect the difference in the putative dominance
of local (PETNR [3,25,40,41], AADHPEA [37]) versus global (ecDHFR
[15] and MR [26]) vibrational coupling in these systems, for exam-
ple substrate vibrational modes versus networks of residues,
respectively. Clearly this hypothetical model warrants further
investigation, particularly as more studies that systematically vary
the frequency of vibrational coupling emerge.
2.3. Ruling out other sources of curvature
It is important to consider alternative sources of curvature in
temperature dependence plots [42], including a signiﬁcant QMT
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presence of multiple reactive geometries from which catalysis
may proceed [6], or the requirement for a pre-equilibrium prior
to formation of the reactive complex [43]. For the examples shown
in Fig. 1, there is no clear trend in the degree of tunneling and the
plot curvature, e.g. both MR (negative DCzP) and MADH (zero DCzP)
proceed with large QMT contributions but display measurably
temperature-dependent and independent KIEs, respectively
[27,44]. Further, our analysis of the corresponding deuterium
transfer data (vida supra) suggest tunneling contributions do not
dominate plot curvature for the examples given. There is no evi-
dence for denaturation across the temperature ranges studied
and indeed, this is not a factor for the model chemical reaction pre-
sented in Table 1 or for the differences in DCzP between isotopo-
logue data sets.
The major contribution to the magnitude of Cp for a folded pro-
tein is the number of available rotational and vibrationalmodes and
to a much lesser extent hydration, which is more sensitive to pro-
tein folding/unfolding [12,13]. Where there is a large scale protein
conformational change e.g. during gated electron transfer reactions,
the value of DCzP will therefore involve a much larger contribution
from the hydration term and this has been demonstrated recently
for nitrogenase electron transfer [45]. However, in these cases a
non-zero DCzP clearly still represents mechanistically coupled pro-
tein dynamics. The H-transfer reactions we have investigated here
are not thought to incorporate large scale domain motions, which
are more commonly observed for gated electron transfer reactions.
As such, we do not expect a very signiﬁcant contribution from the
hydration term in the reactions we have studied.
Glowacki et al. have recently invoked Ockham’s razor to inter-
pret the curvature in Arrhenius plots, arguing that if multiple reac-
tive geometries were present in the systems studied, they could
account for observed curvature and large DDH values. However,
we ﬁnd that the magnitude of DCzP varies as the frequency of pro-
tein vibrational modes is both increased (using high-pressure) and
decreased (using ‘heavy’ enzyme variants) without the need to
invoke multiple reactive states. Further, we ﬁnd measurable plot
curvature where DDH  0 (ecDHFR pH 9.5, AADH and HLADH).
Based on these data, the argument for multiple reaction geometries
preceding catalysis may be more simply explained by a negative
DCzP and a temperature-dependent DG
.
3. Conclusions
There is major debate regarding the role of protein dynamics in
enzyme catalysis. Models that incorporate vibrational modes of the
protein and or substrate have gained much attention and have
been heavily criticized. Our ﬁnding that the magnitude of DCzP
reﬂects vibrational coupling and this appears to be related to the
frequency of that coupling suggests that the essential framework
of existing vibronic models is robust. That is, vibrational modes
of the protein and or substrate can be coupled to enzyme reaction
coordinates. Whilst the essential framework of vibronic models
appears to be robust the use of the magnitude of DDH alone to
detect vibrational coupling, or as a metric of the frequency of vibra-
tionally coupled modes is extremely poor and should not be used
without additional evidence. Typically such evidence arises from
a detailed computational analysis. However we demonstrate that,
at least for systems where the observed rates are well character-
ized, the magnitude of DCzP provides an accurate qualitative metric
of vibrational coupling but also potentially can be used to reﬂect
subtle changes in the frequency of vibrational coupling. Further,
the use of DCzP does not rely on the measurement of KIE data, which
is not always possible.Acknowledgements
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